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ABSTRACT
Tetrasphaera polyphosphate accumulating organisms (PAOs) have been found in
greater abundance and may remove more P in full-scale enhanced biological phosphorus
removal (EBPR) water resource recovery facilities (WRRF) worldwide than the more
extensively studied Accumulibacter PAO. Understanding the effect that environmental
conditions, such as pH, have on Tetrasphaera metabolisms is critical to understanding
EBPR WRRF process upsets, achieving consistent low effluent P concentrations, and
formulating optimization strategies. The objective of this study was to determine pH
effects over the range from 5.5 to 8.5 on anaerobic amino acid uptake, P release, and
cation release in a Tetrasphaera-enriched culture from a lab-scale sequencing batch
reactor. Lower rates of carbon uptake and coupled P release were found in this study than
in similar studies of Accumulibacter. Extracellular pH during carbon uptake was
correlated to the change in pH, P release, and cation release, whereas carbon uptake and
NH4-N release were not correlated to pH. The ratio of P released to carbon taken up was
like other studies of Accumulibacter suggesting similar P release driven secondary
transport mechanisms may be used by Tetrasphaera. The ability of Tetrasphaera PAOs
to take up organic carbon over a wide range of pH conditions reinforces the idea that they
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may be more metabolically heterogeneous and adaptable to varied conditions than
Accumulibacter. Optimization of EBPR WRRFs may benefit from strategies that support
both a robust Accumulibacter and Tetrasphaera community.
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Chapter 1 Introduction
Enhanced biological phosphorus removal (EBPR) is a water resource recovery
process used to remove phosphorus to low levels (typically < 1.0 mg-P/L) by
competitively selecting for prokaryotic polyphosphate accumulating organisms (PAOs)
through cyclic exposure to anaerobic and aerobic environments. The process has several
advantages over chemical P removal alternatives including little or no chemical
requirements, reduced aeration energy needs, and increased value of produced biosolids.
Decades of research have been dedicated to understanding the microbial
metabolisms of PAOs with a focus on the volatile fatty acid (VFA) utilizing Candidatus
Accumulibacter (hereafter, Accumulibacter) which have historically been considered the
primary PAOs responsible for EBPR (Barnard et al., 2017; Crocetti et al., 2000; Nielsen
et al., 2019). Much emphasis has been placed on developing the optimum growing
conditions for the Accumulibacter PAO in full-scale EBPR systems. And yet, water
resource recovery facilities (WRRFs) implementing EBPR in the United States reported
more than 3,000 numeric permit violations in 2020 indicating that our understanding of
EBPR at full-scale could be improved (US EPA, 2020). Continued permit violations
could be the result of the focus on the Accumulibacter PAO as the primary P removal
mechanism in EBPR and optimization strategies that create a selective environment for
this PAO while excluding other important contributors.
Recent research has suggested that PAOs in the genus Tetrasphaera may be more
important contributors to EBPR at full-scale (Nielsen et al., 2019). For instance, the first
study to quantify the contributions of all known PAOs to overall P removal found that
Accumulibacter were frequently outperformed and outnumbered by members of the
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genus Tetrasphaera in Danish WRRFs (Fernando et al., 2019). Similarly, Tetrasphaera
PAOs have been found in greater abundance than Accumulibacter in several studies of
WRRF microbial ecology around the world (López-Vázquez et al., 2008; Nielsen et al.,
2019; Onnis-Hayden, Srinivasan, et al., 2020; Stokholm-Bjerregaard et al., 2017).
Developing a greater understanding of the Tetrasphaera PAO metabolism, the niche it
occupies, and how competition with other microorganisms might affect its success may
be critical to improving the efficacy and resiliency of full-scale EBPR to reduce
discharges of P into the environment.
Competition for anaerobic organic carbons is believed to be one of the primary
mechanisms affecting the success of PAOs at full-scale (Carvalheira et al., 2014; Cech &
Hartman, 1993; Guerrero et al., 2011; Lopez-Vazquez et al., 2009; Oehmen et al., 2010;
Oehmen, Vives, et al., 2005; Tu & Schuler, 2013). Extracellular pH has been found to
affect anaerobic organic carbon uptake kinetics and elevated pH (>7.2) appears to
provide a competitive advantage for Accumulibacter PAOs over their primary putative
competitors, glycogen accumulating organisms (GAOs)(Filipe et al., 2001b; Oehmen,
Vives, et al., 2005; Saunders et al., 2007; Schuler & Jenkins, 2002; Smolders et al.,
1994a; Tu & Schuler, 2013). Currently, similar studies of the pH effects on Tetrasphaera
PAOs have not been conducted leaving a significant gap in our understanding of their
metabolism and potential anaerobic organic carbon competition dynamics. The objective
of this study was to determine the effect of extracellular pH on anaerobic carbon uptake,
P release, and cation release in batch assays using a Tetrasphaera-enriched culture
produced in a laboratory sequencing batch reactor. Hypotheses developed from previous
studies of Accumulibacter and derived from chemiosmotic theory include correlations
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between the extracellular pH and rates of organic carbon uptake, P release, and cation
release, as well as the change in pH.

3

Chapter 2 Review of Relevant Literature
The Classic PAO Metabolism and Key Differences in Tetrasphaera

Figure 1 Simplified diagrams of the Accumulibacter (left) (Smolders et al., (1995) and Tetrasphaera
(right) (Kristiansen et al., 2013; Marques et al., 2017) PAO metabolisms under anaerobic (top) and
aerobic (bottom) conditions. Blue arrows indicate energy providing reactions. Not all products and
reactants are shown for clarity.

Accumulibacter PAOs and Tetrasphaera PAOs are both known to cycle carbon
(C) and phosphorus (P) storage compounds that can be used to produce energy in
anaerobic and aerobic environments for cell growth and maintenance but differ in the
types of C storage used (Figure 1). Accumulibacter PAOs are believed to use the free
energy derived from anaerobic polyphosphate (polyP) hydrolysis to drive anaerobic VFA
uptake with some additional energy provided by glycogen degradation that also supplies
reducing equivalents for synthesis of insoluble polyhydroxyalkanoate (PHA) C storage
polymers (Filipe & Daigger, 1998; Schuler & Jenkins, 2003c, 2003a, 2003b; Smolders et
al., 1995). Under aerobic conditions, Accumulibacter PAOs oxidize stored PHA via the
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electron transport chain to provide free energy for cell growth and maintenance, uptake of
P, and synthesis of glycogen and polyP (Filipe & Daigger, 1998; Smolders et al., 1994b).
Non-traditional PAOs from the genus Tetrasphaera exhibit similar C and P
storage cycling but appear to anaerobically accumulate free organic carbon solutes (e.g.,
glutamate) and synthesize glycogen and PHAs while taking up amino acids (Figure 1)
(Close et al., 2021; Herbst et al., 2019; Kristiansen et al., 2013; Marques et al., 2017;
Nguyen et al., 2015). Nguyen et al. (2015) showed that a pure culture of Tetrasphaera
elongata accumulated 0.12 mM-C glycine/g-biomass while releasing 0.48 mM-P/mM-C
glycine consumed when incubated anaerobically with 13C-labelled glycine. No other
labelled intracellular metabolites were detected at more than 4% of the organic carbon
taken up, including PHAs, but labelled extracellular alanine, acetate, and succinate were
detected at 27%, 20%, and 13% of the organic carbon taken up, respectively. Nguyen et
al. (2015) also detected synthesis of 0.12 mM of unlabeled glutamate during anaerobic
glycine incubation which may be another important C storage mechanism for
Tetrasphaera. Marques et al. (2017) conducted similar analyses and detected several
amino acid derivatives intracellularly in a Tetrasphaera dominated culture that was fed
with casein hydrolysate. Specifically, they detected urea (CO(NH2)2) and hypothesized
that it may have been produced as a sink for excess CO2 and NH4+-N produced by amino
acid metabolism but did not present stoichiometry for this transformation. Close et al.
(2021) extended this work by concentrating the Marques et al. (2017) culture of
Tetrasphaera to near purity (95% of total bacterial biovolume) and found that aspartate
and glutamate were the primary amino acids stored as intracellular solutes.
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As noted, Tetrasphaera have also been observed to accumulate glycogen as a
carbon storage polymer, but both anaerobic synthesis and degradation of glycogen has
been reported using different organic carbon types (Close et al., 2021; Kristiansen et al.,
2013; Marques et al., 2017). Herbst et al. (2019) identified the production of several
proteins related to glycogen synthesis and degradation while growing a pure culture of
T. elongata using the same growth media as Nguyen et al. (2015) that included glucose
and amino acids as the primary organic carbon types but neither study measured
glycogen directly. This finding provides some evidence for the operation of glycogen
synthesis and degradation pathways that are annotated in Tetrasphaera genomes
(Kristiansen et al., 2013). Notably, Kristiansen et al. (2013) found that T. elongata
synthesized glycogen while taking up glucose and releasing P. Glucose has previously
been linked to a breakdown in EBPR function and many believe that excess glucose is
detrimental to EBPR (Cech & Hartman, 1990) although some work suggests that glucose
supplementation can improve EBPR (Gebremariam et al., 2012). Marques et al. (2017)
observed anaerobic glycogen synthesis in batch assays fed with aspartate, glucose, and
glutamate and glycogen degradation when feeding glycine indicating that different
pathways were utilized for different organic carbons that may have precluded glycogen
synthesis. Close et al. (2021) observed a small amount (<0.1 mM-C/mM-C) of glycogen
degradation in three different batch assays fed with casein, a mixture of amino acids, and
raw wastewater.
Cycling of PHAs has also been reported in Tetrasphaera rich cultures at levels
substantially lower than Accumulibacter that varied depending on the type of carbon fed
(Table 1). Marques et al. (2017) found that more PHV was synthesized than PHB
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regardless of the carbon source, but no PHA synthesis was detected when glucose was
fed. This may be because glucose is typically transported into the cell via
phosphotransferase systems that phosphorylate glucose into glucose-6-phosphate which
can immediately enter glycogenesis and would not be degraded anaerobically to PHA
precursors. Greater than 68% of the PHA synthesized was as PHV in all assays which
indicates that tricarboxylic acid (TCA) cycle reactions were likely in use to oxidatively or
reductively transform the carbon skeletons to the required succinyl-CoA intermediate for
PHV synthesis (Verlinden et al., 2007; White et al., 2012). Close et al. (2021) observed
similar dynamics when feeding casein, raw wastewater, and a mixture of amino acids to
an enriched Tetrasphaera culture in batch experiments. The stoichiometric ratios of
PHAs produced in these studies was significantly less than the 0.83 to 2.04 mM-C PHAs
to mM-C organic carbon ratios observed in Accumulibacter (Carvalheira et al., 2014;
Schuler & Jenkins, 2003a; Smolders et al., 1994a) and may indicate that Tetrasphaera
only generate PHAs in small amounts or under specific conditions. The conditions for
PHA synthesis are not clear from previous studies of Tetrasphaera.
Table 1 Comparison of PHA synthesis observed in Accumulibacter and Tetrasphaera enriched cultures.
Tetrasphaera appear to store less than 50% of the C taken up as a storage polymer.
Study

Dominant PAO

Marques et al.
(2017)

Tetrasphaera

Close et al.
(2021)

Tetrasphaera

Smolders et al.
(1994a)
Carvalheira et al.
(2014)

C-Source
Acetate
Glucose
Aspartate
Glutamate
Glycine
Casein
Amino Acids
Wastewater

PHAs (mM-C/mM-C
carbon fed) [% PHV]
1.38 [10%]
0.00 [0%]
0.25 [68%]
0.11 [73%]
0.12 [75%]
0.11 [100%]
0.08 [100%]
0.10 [100%]

Glycogen (mM-C/mM-C
carbon fed)
-0.13
0.34
0.24
0.06
-0.56
-0.06
-0.07
-0.04

Accumulibacter
(assumed)

Acetate

1.33 [N/A]

-0.50

Accumulibacter

Acetate
Propionate

1.39 [12%]
1.35 [41%]

-0.29
-0.05
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The observation of multiple carbon storage products in Tetrasphaera suggests
they can readily adapt to the type of C available which may increase their resiliency to
changing environmental conditions (Herbst et al., 2019). In contrast, Accumulibacter
preferentially synthesize PHAs while degrading glycogen and taking up VFAs indicating
that they may utilize only a single type of anaerobic carbon storage (Carvalheira et al.,
2014; Schuler & Jenkins, 2003b) and therefore may be less resilient to change. Systems
designed to select primarily for Accumulibacter PAOs by increasing VFAs (e.g., primary
fermentation) may therefore result in less resilience to the dynamic conditions observed
at full-scale and a greater likelihood of EBPR breakdowns than systems that provide
phenotype redundancy by selecting for a more heterogenous PAO population or a PAO
population that is more adaptable to varying conditions.
pH Effects on the PAO Metabolism
Tetrasphaera cultures have been shown to synthesize a system of P transport
proteins similar to those found in Accumulibacter (Herbst et al., 2019) indicating that
their organic carbon uptake and P release mechanisms may be similarly affected by
extracellular pH. Early models of acetate uptake in Accumulibacter PAOs defined the
acetate uptake mechanism using the proton motive force (PMF) from chemiosmotic
theory assuming that acetate was actively transported at the expense of ATP regenerated
by polyP hydrolysis and glycogen degradation (Filipe et al., 2001b; Filipe & Daigger,
1998; Schuler & Jenkins, 2003b; Smolders et al., 1994a). The PMF is the chemiosmotic
potential across a membrane created by an electrochemical gradient into the cell that is
the sum of the Gibbs free energy stored in the H+ (DpH) and electrochemical (DY)
gradients expressed in millivolts (mV):
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𝑃𝑀𝐹 = ∆Ψ −

!.#$#%&
'()$$

Δ𝑝𝐻 mV

(Equation 1)

Smolders et al. (1994b) hypothesized that increasing P release with increasing pH
observed in Accumulibacter PAOs was due to an increasing DY and the energy required
for transport of anionic acetate against this gradient (Figure 3A). The energy was
provided directly by the hydrolysis of ATP (primary active transport) that was
reconstituted by polyP hydrolysis. The derivation of this relationship was based on a few
key assumptions: constant PMF, constant intracellular pH (7.0), dissociated acetate
uptake was a primary active transport process, intracellular concentrations of acetate were
kept low by PHA synthesis, and P release was equivalent to the amount of polyP
hydrolyzed for acetate uptake. Notably, this model did not explain P release other than as
a side effect of polyP hydrolysis since it also assumed that H3PO4 was the species
generated and exported. Filipe and Daigger (1998) developed a similar model but
assumed diffusive transport of neutral acetic acid that dissociates within the cell after
uptake causing an upset in the PMF that requires H+ export by reverse ATP synthase
operation for reestablishment of the cell’s preferred PMF (Figure 3B). Notably, neither
model seems to explain why P release on its own is an important component of the PMF
although both groups of researchers demonstrated similar linear relationships between P
release and acetate uptake over a pH range of 5.5 to 8.2 and found similar coefficients in
their governing equations (Filipe et al., 2001b; Smolders et al., 1994a). They also found
relatively constant rates of acetate uptake over the entire pH range because acetate was
completely taken up during the assays. A similar study by Schuler and Jenkins (2002)
using excess acetate found a linear relationship between pH and the ratio of P release to
acetate uptake over a pH range of 5.2 to 9.5 but also showed that the rate of acetate

9

uptake actually increased with increasing pH below pH 7.2 and began decreasing above
pH 7.2 while the P release rate plateaued above a pH of approximately 7.2. This possibly
indicated that acetate uptake was increasingly energetically costly with increasing pH and
the PAOs were no longer able to export sufficient P to drive acetate uptake.

Figure 2 Comparison of P release and organic carbon uptake models developed by Others. A) primary active
transport of acetate (Smolders et al., 1994a), B) diffusive transport of acetic acid (Filipe & Daigger, 1998),
and C) secondary active transport of acetate by symport with H+ (Saunders et al., 2007).

Ultimately, acetate transporters were shown to be cation-solute symporters
(Gimenez et al., 2003) that participate in a secondary transport process with P export in
Accumulibacter PAOs (Saunders et al., 2007) which is distinct from the primary transport
models developed previously (Figure 3C). When anionic acetate is added to the reactor it
is carried into the cell by a cation (typically, H+) which will start to accumulate and
decrease the PMF since PHA synthesis begins almost immediately and appears to
proceed at a rate very similar to acetate uptake (Filipe et al., 2001b; Smolders et al.,
1995). Acetate is then phosphorylated by ATP to acetyl-P in the first step of PHA
synthesis and the ATP is replenished by polyP hydrolysis which develops a P gradient
out of the cell that contributes to the PMF since cytosolic P is either H2PO4- or HPO42- at
typical cytosolic pHs (>7.5) (Kashket, 1985). The P gradient is believed to be
thermodynamically spontaneous and can be used to symport H+ out of the cell against its
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concentration gradient. This creates a H+ circuit that drives the uptake of acetate while
sufficient polyP is available, and the P gradient is spontaneous out of the cell. It is unclear
which cations are used by the cation-acetate symport transporter (Gimenez et al., 2003)
and Accumulibacter could potentially shift from using H+ driven uptake at low pHs when
H+ uptake is spontaneous to using a different cation (e.g., Na+) that is more spontaneous
than H+ at elevated pH. Interestingly, DpH and DY are equally able to drive ATP
synthesis by H+ flux through ATP synthase indicating that ATP synthesis by these
mechanisms is not sensitive to pH (Soga et al., 2012; Turina et al., 2016) and the reverse
operation of ATP synthase for H+ efflux proposed by Filipe & Daigger (1998) would be
similarly unaffected by pH resulting in no change in P release with increasing pH. In any
case, the secondary transport model predicts increasing P release due to increasing uptake
energy requirements for anions with increasing pH but also includes P release to maintain
the PMF by exporting other cations.
The deleterious effect of DpH on the PMF when the internal pH is lower than the
external pH might partially explain why Accumulibacter have been observed to
demonstrate a decreasing organic carbon uptake rate above pH 7.2 when the P release
rate plateaued (Schuler & Jenkins, 2002). The maintenance of the PMF by P release had
reached its maximum and thus could not efflux any additional cations to drive acetate
uptake while the DpH simultaneously reduced the energy stored in DY for transport.
Concurrently, the glycogen degradation rate was also decreasing indicating that
Accumulibacter were unable to derive any additional ATP from glycogen degradation
and subsequent glycolysis.
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The ability of Accumulibacter to use anaerobic polyP hydrolysis and P export
simultaneously to drive organic carbon uptake may also provide an important competitive
advantage over other organisms when C availability is low. Tu and Schuler (2013)
reported that Accumulibacter were dominant over GAOs at low pHs (6.4 – 7.0) if the
concentration of acetate was also kept low (not detectable) by continuous feeding instead
of pulse feeding. Notably, the P release profile observed during pulse acetate feeding had
a similar temporal pattern and maximum P concentration to the P release profile during
continuous acetate feeding. This similarity suggests that the spontaneous gradient of
acetate into the cell during pulse feeding may not be an important contributor to acetate
uptake. A similar pattern of P release and organic carbon uptake profiles was also
demonstrated by Marques et al. (2017) in their Tetrasphaera dominated culture using
continuous and pulse feeding. Tetrasphaera dominated cultures should therefore
demonstrate very similar P release and organic carbon uptake pH dependencies as have
been observed in Accumulibacter.
Amino Acid Transport and the PAO Metabolism
Chemiosmotic theory posits that the thermodynamic energy required for transport
of amino acids will vary depending on the formal charge of the species transported. For
instance, glycine is a neutral Zwitterion between pH 3.4 and 8.6 whereas aspartate is
predominantly a monovalent anion between pH 4.6 and 8.6 (Figure 3). Acetate is also a
monovalent anion when the pH is above 5.8 and should have more similarity to aspartate
than glycine. The chemiosmotic equations for the symport of solutes are:
*

∆𝐺 = 𝑦∆Ψ − 𝑦60Δ𝑝𝐻 + 60𝑙𝑜𝑔 3* !" 4 for a neutral species
#$%

∆𝐺 = (𝑦 − 1)∆Ψ − 𝑦60Δ𝑝𝐻 + 60𝑙𝑜𝑔 3

*!"

*#$%

(Equation 2)

4 for a monovalent anionic species (Equation 3)
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𝑤ℎ𝑒𝑟𝑒 𝑦 =

𝐶𝑎𝑡𝑖𝑜𝑛 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑒𝑑
𝑆𝑜𝑙𝑢𝑡𝑒 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑒𝑑

Equation 3 is identical to the equation used by Smolders et al. (1994a) to estimate the
energetic requirements for uptake of acetate. By inspection, y must be greater than 1.0 for
DY to contribute to uptake of an anionic species and more cations will likely be required
for organic carbon uptake of anions at elevated pH than neutral species resulting in a
greater discharge of Pi. For example, assuming the equilibrium PMF is -140 mV, an
internal pH of 7.5, external pH of 7.5, y = 1.5, and SIN/SOUT = 100, the symport uptake of
a neutral species into the cell with a cation is spontaneous (DG = -92 mV) while the
symport of a monovalent anion is not (DG = 48 mV) and would require an input of
energy (Figure 4). This energy can be provided directly by ATP hydrolysis via a
membrane bound transport protein (primary active transport) or derived from the energy
stored in a chemiosmotic gradient (secondary active transport). It is important to recall
that the PMF represents the energy stored in chemiosmotic gradients at equilibrium that
is maintained by the net movement of cations to the exterior of the cell and/or anions to
the interior of the cell and will dissipate due to the movement of either across the
membrane. Determination of the y coefficient and the internal concentrations of
individual solutes is difficult in a mixed culture that is likely using a complex array of
mechanisms simultaneously, but a difference in transport energy may be evident if a
difference in net cation efflux is observed using differently charged organic carbons. For
reference, the y value for ATP synthases using synthetic cells has been found to vary
from 3.0 to 4.1 with the most common value near 4.0 (Turina et al., 2016).
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Gibbs Energy Required for Transport (mV)

Figure 3 Chemical structures, protonation states, and functional group pKa's of glycine,
aspartate, and acetate at circumneutral pH.
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Figure 4 Gibbs free energy requirements for cationic symport of a neutral or monovalent
anionic species based on Equation 2 and 3 assuming PMF = -140 mV, intracellular pH =
7.5, y = 1.5, SIN/SOUT = 100, and a system at equilibrium (DG = 0). Decreasing values
indicate an increasing energy requirement while negative values indicate spontaneous
uptake.

Uptake of amino acids is thought to be catalyzed by a system of membrane bound
proteins encoded in Tetrasphaera genomes (Kristiansen et al., 2013) that use Na+ and H+
to symport amino acids and have been observed in at least one proteomic study of
Tetrasphaera (Herbst et al., 2019). Tetrasphaera also synthesize the same H+-P transport
proteins as Accumulibacter suggesting similar transport processes should occur in both
14

groups of organisms (Herbst et al., 2019; Kristiansen et al., 2013). Cation symport
systems operate in much the same way as H+ symporters, but only rely on DY for
transport by establishing a cation circuit instead of a H+ circuit. There are some Na+ and
K+ translocating ATPases similar to the H+-driven ATP synthase but these tend to be
employed by marine halophiles and would not be expected in Tetrasphaera (White et al.,
2012). The synthesis of similar H+-P symporters suggests Tetrasphaera are likely to use
P export for cation symport in the same way as Accumulibacter, but studies have not
demonstrated the transport mechanisms in Tetrasphaera and confirmed that they are
similarly affected by pH.
Several studies have noted that Tetrasphaera appear to release less P than
Accumulibacter while taking up amino acids and glucose suggesting that Tetrasphaera
may be less dependent on polyP hydrolysis for anaerobic energy and P release for organic
carbon uptake (Kristiansen et al., 2013; Marques et al., 2017; Nguyen et al., 2015;
Nielsen et al., 2019; Stokholm-Bjerregaard et al., 2017). Fermentation of amino acids and
glucose results in the production of ATP and anionic solutes (e.g., acetate and succinate)
that could also be used for cation efflux to maintain the PMF and reduce Tetrasphaera’s
need to hydrolyze polyP and export P to maintain the H+/cation circuit for organic carbon
uptake. The possible contribution of acetate and succinate to anaerobic PMF maintenance
has not been reported in Tetrasphaera but has been reported in other anaerobes which are
exploited for industrial production these solutes (e.g., Gimenez et al., 2003; Huhn et al.,
2011; Michels et al., 1979). This mechanism could give Tetrasphaera a means to remain
competitive for organic carbons even if P concentrations were low and polyP were
depleted and possibly explain why they release and uptake less P than Accumulibacter
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(Marques et al., 2018). It also seems to suggest that Tetrasphaera in full-scale WRRFs
are an integral part of the anaerobic food chain that provides organic carbons for other
organisms, even other PAOs (Nielsen et al., 2019), which may explain their prevalence in
full-scale EBPR WRRFs.
Amino Acid Utilization by Tetrasphaera PAOs
Anaerobic utilization pathways for amino acids taken up by Tetrasphaera are
believed to be a combination of fermentations and operation of the TCA cycle with
glycogen, other solutes, and PHAs as the primary storage products that may be dictated
by the type of carbon fed (Figure 5) (Close et al., 2021; Herbst et al., 2019; Kristiansen et
al., 2013; Marques et al., 2017). Accumulibacter and putative GAOs have been found to
synthesize PHB when acetate is fed and polyhydroxyvalerate (PHV) when propionate
was the primary carbon source (Carvalheira et al., 2014; Oehmen, Zeng, et al., 2005;
Smolders et al., 1994a). Similarly, glycine and aspartate have been shown to result in
anaerobic PHA synthesis in Tetrasphaera but only aspartate was shown to result in both
glycogen and PHA synthesis. This difference may be key to understanding the
adaptability of Tetrasphaera to changing conditions and variability in available C.
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Figure 5 TCA cycle entry points for proteinogenic amino acids and
possible pathways to C storage products.

Glycine utilization by T. elongata has been reported to produce alanine, acetate
and succinate which would require the conversion of glycine to pyruvate before
conversion to other species (Figure 6)(Nguyen et al., 2015). Acetogenesis from glycine
via pyruvate results in acetate and ATP production and does not require operation of the
TCA cycle to proceed but does require a source of reducing equivalents (e.g., NADH),
such as glycogen degradation or oxidative TCA operation. In contrast, production of
succinate from glycine requires at least partial operation of the TCA cycle in either the
oxidative or reductive direction. Oxidative operation requires a supply of oxaloacetate
(OAA) to condense with pyruvate-derived acetyl-CoA but Tetrasphaera appear to lack
the necessary pyruvate carboxylase enzyme (EC 6.4.1.1) for direct pyruvate to OAA
conversion (Kristiansen et al., 2013). An alternative source may be partial oxidative TCA
operation using a-ketoglutarate produced from stored glutamate (EC 1.4.1.13) or the
degradation of glycogen to form OAA by carboxylation of phosphoenolpyruvate (PEP)
17

which also generates GTP (EC 4.1.1.32). Intracellular accumulation of glutamate has
been noted in Tetrasphaera previously at concentrations (19 to 31 mM) that could
provide a-ketoglutarate for oxidative TCA operation that would produce less NADH than
using pyruvate (Close et al., 2021; Herbst et al., 2019; Nguyen et al., 2015). Another
possibility is the use of the malic enzyme that reductively carboxylates pyruvate into
malate without OAA as an intermediate (EC 1.1.1.40) and could produce succinate while
regenerating reducing equivalents (e.g., NADH, FADH2). Glycogen degradation and
oxidative TCA operation would necessarily produce an excess of reduced electron
carriers (e.g., NADH) that cannot be oxidized by the electron transport chain and instead
require a counter balance of reducing reactions for regeneration of oxidized electron
carriers (e.g., NAD+). Previous studies have not demonstrated the pathways by which
amino acids are degraded by Tetrasphaera but have proposed similar utilization
pathways (Close et al., 2021; Herbst et al., 2019; Kristiansen et al., 2013; Marques et al.,
2017; Nguyen et al., 2015).
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Figure 6 Possible synthetic pathways for PHB and PHV synthesis in Tetrasphaera using
glycine as the sole carbon source based on genomic analysis and observations from
previous studies. Stoichiometry is not shown. Glycogen can only be degraded by the
pathways shown.

In contrast, aspartate may enter the TCA cycle directly as OAA and appears to
result mainly in the production of glycogen and PHAs, primarily PHV (Marques et al.,
2017). Aspartate conversion to OAA requires a supply of a-ketoglutarate to generate
OAA by a transamination reaction that also produces glutamate (Figure 7). The required
a-ketoglutarate can be regenerated by oxidative TCA operation or reductive deamination
of glutamate. Intracellular accumulation of glutamate has been noted in Tetrasphaera
previously at concentrations (~19 mM) that could drive the reductive deamination
reaction to regenerate a-ketoglutarate without TCA operation (Close et al., 2021; Herbst
et al., 2019; Nguyen et al., 2015). The NADH produced could be used to reduce PEP to
glyceraldehyde-3-phosphate (GAP), an intermediate in gluconeogenesis and
glycogenesis. Overall, the conversion of aspartate to glycogen requires a free energy
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input of 2 GTP and 3 ATP per glucose residue added to the growing glycogen chain both
of which could be reconstituted by polyP hydrolysis (Herbst et al., 2019). Interestingly,
Marques et al. (2017) found that PHV comprised 70% of the PHA synthesized when
feeding aspartate, which seems unexpected given that aspartate would likely result in
acetyl-CoA and not propionyl-CoA production via PEP breakdown (Verlinden et al.,
2007). However, a putative propionyl-CoA carboxylase enzyme (EC 6.4.1.3) has been
annotated in some Tetrasphaera genomes (Kristiansen et al., 2013) that theoretically
could be used in reverse to generate propionyl-CoA for PHV synthesis via reductive TCA
operation and decarboxylation of methylmalonyl-CoA derived from succinyl-CoA (EC
5.4.99.2).

Figure 7 Possible synthetic pathways for glycogen, PHB, and PHV synthesis in
Tetrasphaera using aspartate as the sole carbon source based on genomic analysis.
Stoichiometry is not shown.
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Chapter 3 Materials and Methods
The research work was divided to into two distinct tasks that are required to
accomplish the objective. First, a culture containing PAOs mainly from the genus
Tetrasphaera had to be cultivated for further testing. This can be done in pure cultures
but can also be accomplished by using the environmental conditions from other studies
that promoted Tetrasphaera dominance (Close et al., 2021; Marques et al., 2017, 2018).
Second, the enriched Tetrasphaera culture would be subjected to anaerobic batch
experiments over the range of pH values from 5.5 to 8.5.
Task 1a – Bioreactor Design and Operation for Tetrasphaera Cultivation
The first task to achieve the objective was to operate a bioreactor to develop an
enriched Tetrasphaera culture and accomplishes EBPR. A 2L working volume
sequencing batch reactor was seeded with activated sludge from the Albuquerque
Bernalillo County Southside Water Reclamation Plant (SWRP) and operated on 6-hour
cycles: 10 minutes feed, 80 minutes mixed anaerobic, 210 minutes mixed aerobic, 45
minutes settling, and 15 minutes decant. The SWRP was used for seed sludge since it had
previously been found to contain known PAOs and known GAOs and had been used in
previous EBPR studies (Tu & Schuler, 2013). Ultra-high purity nitrogen gas (UHP N2)
was bubbled in for the duration of the feed cycle and the proceeding 10 minutes to ensure
anaerobic conditions. Each reactor had an average 12-hour hydraulic residence time and
was manually wasted daily at the end of an aerobic cycle to provide an average 8-day
solids retention time. The feed consisted of organic carbon (casein hydrolysate, 200 mL
per cycle, 240 mg/L COD in total feed), nutrients (Table 2, 100 mL per cycle) and
buffered distilled water feed solutions (2 meq/L NaHCO3, 700 mL per cycle). The
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nutrient feed solution contained approximately 21.3 mg-P/L and 15.0 mg-NH4+-N/L and
included the nitrification inhibitor N-allylthiourea. pH was maintained between 7.4 to 7.9
using an American Marine controller and 0.2M HCl or 0.4M Na2CO3. The reactors were
sampled at least weekly for soluble P, total P, total suspended solids (TSS), volatile
suspended solids (VSS), and soluble NH4+-N at the end of the anaerobic and aerobic
phases. All bioreactor samples were immediately centrifuged (3k RPM for 3 minutes)
prior to filtration (1-µm) and the filtrate was analyzed within 6 hours of the initial
sampling event for analysis of soluble chemical species (see analytical methods below).
Starting anaerobic phase concentrations were estimated by mass balances. TSS and VSS
were determined by Standard Method 2540.
Table 2 Concentrations of metal salts in bioreactor feed. All values shown are estimated values for the total
composite feed (700 mL buffered DI, 200 mL carbon source, 100 mL nutrients).

Component
NaHCO3
KH2PO4
KCl
NH4Cl
MgCl2•6H2O
MgSO4
CaCl2•2H2O
N-Allythiourea
B(OH)3
ZnSO4•7H2O
KI
CuSO4•5H2O
Co(NO3)2•6H2O
Na(MoO4)•2H2O
MnSO4•H2O
FeSO4•7H2O

Typical Concentration (mM)
1.4
0.69
0.87
1.07
1.08
0.07
0.41
0.035
1.0 E -3
1.0 E -3
1.0 E -4
2.6 E -4
2.5 E -4
1.3 E -4
2.0 E -3
1.1 E -3

Typical Concentration (mg/L)
118.0
93.5
64.5
57.4
219
7.58
60.5
4.1
0.061
0.301
0.019
0.064
0.074
0.032
0.339
0.299

Task 1b – Bioreactor Microbial Community Characterization
Reactor samples were collected periodically in microcentrifuge tubes and spun at
10k rpm for a minimum of 5 minutes. The supernatant was discarded, and the samples
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frozen at < -20°C for up to six months before sequencing. Biomass samples were shipped
overnight on ice for characterization using next generation sequencing of the V4 region
(515f – 806r primers) of the 16s ribosomal RNA subunit by MR DNA (Shallowater, TX).
Sample analysis performed by MR DNA included extraction, sequencing, and
identification workflows. Briefly, extracted DNA was PCR amplified for library
development prior to pooling and sequencing on a MiSeq platform (Illumina, Inc., San
Diego, CA). Zero-radius operational taxonomic unit (zOTU) reads were qualitycontrolled and normalized by the total number of reads to determine relative abundance.
zOTUs are unique sequences whereas traditional OTUs group sequences based on a
similarity threshold (typically > 97%). Classification of zOTU taxonomy was determined
using the Nucleotide Basic Local Alignment Search Tool (BLASTn) search function
against a curated database from the National Center for Biotechnology Information
(NCBI).
Task 1c – Metabolic Analyses of Microbial Community from Genomic Data
A genomic analysis was carried out to assess the potential for metabolic pathways
in Tetrasphaera genomes presented previously. Pure culture experiments and previous
analyses largely used T. elongata as the model organism for the Tetrasphaera PAO
(Kristiansen et al., 2013; Nguyen et al., 2015) but T. elongata was recently reclassified to
the Physicoccus genus and may not be a suitable model organism (Zhang & Kinyua,
2020). This study used the dominant species of Tetrasphaera determined by
metagenomic analysis as the model organisms for the pathways shown in Chapter 2.
A metabolic pathway analysis was performed using genome assemblies retrieved
from NCBI to build pathway maps in Pathway Tools V25 (Karp et al., 2018). Briefly, the
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PathoLogic tool was used to analyze the annotated genomes and construct possible
pathways based on the presence of homologous enzyme coding domains. Some pathways
were manually curated based on homologous proteins in the UniProt database where
putative enzyme encoding genes were not automatically added to the pathway (Bateman
et al., 2021). This analysis was performed to establish whether the genotype for a
pathway was encoded in the genome to narrow the number of pathways considered to be
part of the Tetrasphaera metabolism.
Task 1d – Statistics and Value Reporting
All samples were analyzed in duplicate except cations which were measured in
triplicate. Reported values are the average ± one standard deviation of all data collected.
Task 2 – Anaerobic Batch Assays at pH 5.5 to 8.5
Anaerobic batch tests for P release, cation release and organic carbon uptake
dependence on extracellular pH were carried out by mixing 50 mL of waste activated
sludge with 35 mL filtered and autoclaved effluent, 5 mL nutrients, and 10 mL of either a
carbon source (glycine or aspartate, approximately 100 mg/L COD after dilution) or
distilled water in 250 mL Erlenmeyer flasks. The COD source was not depleted during
the tests. Neutral glycine and anionic aspartate were used as carbon sources to determine
if there were any significant differences observed between differently charged molecules.
The sludge was withdrawn from the bioreactor in the last 10 minutes of an aerobic cycle
and aerated for an additional hour before being added to the flasks to deplete intracellular
stores of carbon and ensure maximum P uptake. It was then mixed with secondary
effluent and nutrients and bubbled with UHP N2 for 10 minutes prior to pH adjustment
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using 0.2 M HCl or 0.4 M Na2CO3 (< 1.0% total volume). The carbon or DI was added
and UHP N2 was continuously bubbled for the entirety of the 2-hour incubation.
Samples were taken and immediately filtered after carbon feed and at the end of
the incubation period. The TSS and VSS were also determined for normalization of
release and uptake rates. Temperature and pH measurements were taken at the beginning,
middle and end of each test using an ATC and pH probe (Orion Star A-101, Thermo
Scientific, Waltham, MA). Reported pH values are the average of the three values
obtained during the test and the change in pH was taken as the difference of the final and
initial values. Temperature was not controlled but did not vary significantly in the
aspartate (21.3 ± 0.5°C), glycine (21.1 ± 0.3°C), or control (21.6 ± 0.4°C) assays.
Task 2a – P Release Analysis
Soluble and total P were determined using High Range Hach Test-N-Tube kits
(1.0 to 100.0 mg/L as PO43-) on a Hach DR-2700 spectrophotometer (Hach Company,
Loveland, CO) which are modified versions of the molybdovanadate method in Standard
Method 4500-P. Soluble P was determined by analyzing filtered samples. Total P
analysis included a persulfate acid digestion step for 30 minutes at 150°C.
Task 2b – Cation Release Analysis
Soluble cations (Na+, NH4+-N, K+, Mg2+, Ca2+) were determined by suppressed
cationic ion chromatography on a Dionex ICS-1100 using a 22 mN sulfuric acid eluent
and CS-12 analytical and guard columns (Thermo Scientific, Waltham, MA). Soluble
NH4+-N was determined using a Hach High Range Test-N-Tube spectrophotometric kit
prior to day 201 in the bioreactor only.
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Task 2c – Carbon Uptake Analysis
Soluble organic carbon as aspartate or glycine was determined using the Hach
Low Range Chemical Oxygen Demand Test-N-Tube kit (COD, 3-150 mg/L as COD) on
a Hach DR-2700 spectrophotometer (Hach Company, Loveland, CO) which is equivalent
to Standard Method 5220 D. Analysis was carried out on filtered samples only. It was
assumed that the change in soluble COD (sCOD) was approximately equivalent to the
change in soluble organic carbon and the moles of organic carbon consumed could be
calculated from theoretical oxygen demand stoichiometry for aspartate or glycine.
Aspartate (C4H7O4N) contains 0.33 mols COD per mole and glycine (C2H5O2N) contains
0.67 mols COD per mole.
Task 2d – Glycogen Synthesis Analysis
Glycogen was determined by a modified version of the Anthrone method
described in Tu and Schuler (2013) that measures the total carbohydrates of a biomass
sample as glucose. Briefly, 1 mL of sample was added to a test tube with 5 mL of a premixed solution of 73% (v/v) sulfuric acid, 1 g/L ACS reagent grade Anthrone (CAS
90-44-8, Sigma-Aldrich), and 2.5% (v/v) ethanol and digested at 100°C for 10 minutes.
The samples were analyzed on a Hach DR-2700 spectrophotometer (Hach Company,
Loveland, CO) at 625 nm. It was assumed that the change in glucose concentrations was
solely due to glycogen synthesis or degradation since no glucose was added.
Task 2e – Statistics and Value Reporting
All samples were measured in triplicate and reported concentration changes were
assessed for statistical significance using a paired, two-tail t-Test with a significance
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threshold of p < 0.05. Reported values are the average ± the standard error of the
underlying measurements.
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Chapter 4 Results and Discussion
Task 1a – EBPR Activity and Initial Bioreactor Performance
EBPR activity was demonstrated by anaerobic P release followed by the aerobic P
uptake in the bioreactor over the entire period of operation, indicating that PAOs were
active members of the microbial community (Table 3 and Figure 8). An approximate
steady state was achieved roughly 84 days after startup when the Pns/TSS ratio surpassed
and remained above 0.05 mg-P/g-TSS. Average anaerobic cycle P release in the
bioreactor was 0.33 ± 0.13 mM-P/g-VSS-hr and average P uptake was 0.33 ± 0.13
mM-P/g-VSS-hr. The bioreactor tended to aerobically uptake as much P as was released
during the anaerobic phase which indicates that P was not a limiting resource, and carbon
was likely limiting. Notably, the P release and P uptake values were in the middle of the
0.10 to 0.67 mM-P/g-VSS-hr range observed in full-scale EBPR facilities indicating that
the bioreactor was representative of a full-scale system (López-Vázquez et al., 2008;
Mielczarek et al., 2013; Onnis-Hayden, Srinivasan, et al., 2020; Qiu et al., 2019).
Table 3 Comparison of EBPR activity observed in this study compared to other studies of Accumulibacter
and Tetrasphaera. Values indicated are the mean ± standard error or the reported range from other studies.
Marques et al. (2017) also observed a significant Accumulibacter population (~22% based on volumetric
comparison). Values from other studies are reported values divided by the average reported g-VSS/L.
Parameter
Dominant PAO
SRT
Anaerobic pH
P release (mM-P/gVSS)
P uptake (mM-P/gVSS)
Pns/TSS (mg-P/gTSS)

Marques et al.
(2017)

Close et al. (2021)

Tetrasphaera

Tetrasphaera

8 days
7.4 – 7.9

Smolders et al.
(1994a)
Accumulibacter
(Assumed)
9 days
7.0±0.1

19 days
6.7±0.1

20 days
7.1±0.1

0.33±0.13

0.9

0.67±0.16

0.33±0.07

0.33±0.13

0.9

0.72±0.10

0.38±0.15

0.050±0.013

Not Reported

0.08 - 0.19

0.03 – 0.11

This Study
Tetrasphaera
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Figure 8 Anaerobic P release, aerobic P uptake, and P accumulation (Pns/TSS) in the
bioreactor over the study period. The batch assays (see below) were conducted between
days 205 and 233.

The sCOD content of the carbon feed solutions was measured to confirm the
consistency of the COD fed to the bioreactor but the sCOD at the end of the anaerobic
phase was not measured because of the heterogenous nature of the casein feed and lack of
a developed analytical method for individual amino acid analysis that would have
enabled stoichiometric calculations. Most studies of PAOs have calculated anaerobic
stoichiometry based on the moles of C taken up or consumed, such as the ratio of
anaerobic mM-P released to mM-C organic carbon taken up, using acetate or total
organic carbon measurements (Close et al., 2021; Filipe et al., 2001b; Marques et al.,
2018; Onnis-Hayden, Majed, et al., 2020; Onnis-Hayden, Srinivasan, et al., 2020; Schuler
& Jenkins, 2002; Smolders et al., 1994a). However, this approach is only applicable
when the feed C content per mole is consistent between organic carbon sources and is not
applicable when the C content of the organic carbon source is variable, such as in amino
acids which vary from 2-C to 11-C molecules. This distinction is important because our
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current understanding of cell membrane transport processes is that they occur on a moles
of organic carbon basis (e.g., symport of an H+ with an acetate anion) and the total moles
of C in a particular molecule may be irrelevant to the P release driven transport process.
The N content of amino acids is less variable (one to four N per molecule) and
calculating stoichiometry based on the moles N may provide a more accurate means of
tracking organic carbon consumption with casein feed since most amino acids contain a
single N molecule (e.g., aspartate, glycine, glutamate, etc.). Measurement of the influent
soluble total N (sTN) was attempted so that the change in soluble organic nitrogen (sTN
– NH4+-N) could be used as a surrogate measure of amino acid uptake but the method
proved to be ineffective at quantifying the influent composition. Negative values were
frequently calculated for soluble organic nitrogen immediately after the feed cycle had
ended. Complete organic carbon uptake in less than the ten minute feed cycle seemed
unlikely given previous observations that amino acid uptake by Tetrasphaera required at
least one hour of anaerobic incubation (Marques et al., 2017; Nguyen et al., 2015).
Simultaneous anaerobic release of cations, NH4+-N, and P was observed in the
bioreactor and may indicate catabolism of amino acids and provide evidence of transport
processes using cations (Figure 9). The release of NH4+-N has not been reported in
previous studies of Tetrasphaera PAOs or proposed as a means of evaluating amino acid
catabolism in Tetrasphaera. Average anaerobic cycle NH4+-N release rates in the
bioreactor were 0.17 ± 0.13 mM-N/g-VSS. The large standard error in observed values
was likely influenced by the apparent inaccuracy of the spectrophotometric method used
initially for NH4+-N determination. The average recovery of standards using the Hach
spectrophotometric method for NH4+-N was 96% ± 15% as compared to the recovery of
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the SRP method which was 100% ± 3%. This is consistent with the manufacturer’s
published method data which states that the error is approximately 0.312 mg-N/L per
0.01 absorbance change for the NH4+-N kits and < 0.01 mg-P/L for the SRP kits.
The data presented in Figure 9 were determined by the ion chromatography
method and the observed anaerobic N release for the bioreactor was 0.45 mM-N/g-VSS
based on a mass balance of the anaerobic cycle. These data indicate that the bioreactor
community appeared to be metabolizing approximately 50% of the average influent
amino acids (0.88 mM-N/g-VSS) during the anaerobic phase based on the NH4+-N
released and a mass balance of N. This estimate excludes the N possibly consumed for
biomass growth during anaerobic respiration, stored intracellularly or converted to urea.
The continued release of NH4+-N during the first 30 minutes of the aerobic cycle may
indicate catabolism of any remaining amino acids in the medium or intracellularly stored
amino acids (e.g., glutamate oxidation to oxaloacetate). It is plausible that the remainder
of the aerobic cycle did not exhibit NH4+-N release because of incorporation of NH4+-N
into the biomass while stored amino acids were catabolized for P uptake and polyP
synthesis energy. Notably, the average aerobic NH4+-N release was calculated as 0.58 ±
0.11 mM-N/g-VSS, assuming 12% (w/w) N is incorporated into the biomass and a percycle growth rate of 60 mg-VSS. Using this value, the total NH4+-N release for a
complete cycle averaged 0.75 ± 0.17 mM-N/g-VSS and was approximately 85% of the
estimated amino N fed indicating that roughly 15% of the fed amino N may have been
accumulated as proteins, converted to other amino acids, or accumulated as the original
amino acid taken up. The data presented in other similar studies of Tetrasphaeraenriched reactors was insufficient to calculate similar values.
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Figure 9 Typical profiles of cation and P release and uptake (primary axis) and uncontrolled pH (secondary
axis) in the bioreactor during the anaerobic and aerobic cycles. Other cations (K+, Mg2+, Ca2+) not shown for
clarity and varied less than 0.2-mM/g-VSS. Positive values indicate a net release and negative values indicate
a net uptake with respect to the starting condition that was calculated from a mass balance. Starting pH was
approximately 7.30.

Task 1b – Bioreactor Microbial Community Composition
The microbial and PAO communities in each reactor diverged from the initial
seed sludge likely due to the type of carbon fed to the bioreactor, inclusion of a
nitrification inhibitor, and EBPR operation (Figure 10). The seed sludge contained
primarily members of the genera Zoogloea (23.4%), Thauera (20.3%), and Rhodocyclus
(8.49%). Zoogloea and Thauera species are heterotrophic denitrifiers and typically
abundant in Modified-Ludzack Ettinger (MLE) processes like the SWRP (Dueholm et al.,
2021; McIlroy et al., 2015). The SWRP exhibits some EBPR activity (typical effluent
P < 3.0 mg/L)(US EPA, 2020) but it was unclear which PAOs may be responsible for the
limited P removal since no PAO-containing genera were detected at an abundance greater
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than 1.0%. It should be noted that the V4 region of the 16s rRNA gene sequenced in this
study is considered sufficient for resolving genera but has noted limitations for
identifying individual species and it is possible that misclassification of a closely related
species occurred as a result, such as the misidentification of Accumulibacter as a
Rhodocylcus species (Bukin et al., 2019; Zhang & Kinyua, 2020). The Candidatus
competibacter GAO comprised 2.3% of the seed sludge population and was the only
known GAO detected.
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Figure 10 Top genera during the first 181 days of operation of the bioreactor. After 181
days, Tetrasphaera was the only genus known to contain PAOs in an abundance > 1.0%
based on Next Generation Sequencing of the V4 region of 16S rRNA sequences. No GAO
containing genera were detected in an abundance > 1.0%.

After 181 days the bioreactor population shifted to become dominated by the
genera Leucobacter (15.8%), Tetrasphaera (9.2%), and Streptomyces (6.5%).
Leucobacter is not known to contain PAOs and mainly consists of aerobic heterotrophs
that utilize amino acids and proteins (Dueholm et al., 2021; Takeuchi et al., 1996).
Streptomyces are predominantly aerobic microbes with a complex metabolism that is
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often used to create antibiotics and are not known to contain PAOs (Hopwood, 2007).
Tetrasphaera were the dominant PAO genera present with no other known PAO
populations detected at an abundance > 0.1 %. Six species were identified within the
Tetrasphaera genus on Day 181: T. jenkinsii (5.5%), T. veronensis (2.4%), T.
australiensis (0.75%), T. vanveenii (0.04%), and two unidentified species (0.55%). Only
T. jenkinsii and T. australiensis have published genomes in the NCBI database
(ASM104687v1 and ASM105053v1, respectively). T. jenkinsii was taken as the model
organism for genomic metabolic pathway analysis in this study because it was the
dominant Tetrasphaera species and its genetic similarity to T. australiensis has been
previously demonstrated (Kristiansen et al., 2013).
The Tetrasphaera relative abundance was correlated to the observed Pns/TSS
ratio in the bioreactor reactor (R2=0.72, Figure 11) indicating that the Pns/TSS value
could be used as a proxy for Tetrasphaera abundance. No other PAO containing genera
(Accumulibacter, Dechloromonas) were detected at a relative abundance greater than
0.25% after 8 days. The decline in Tetrasphaera abundance in the bioreactor from a peak
of 20% on day 148 to 9.4% on day 181 was not linked to a decrease in EBPR activity
since the Pns/TSS ratio and P release and uptake values did not substantially decrease. It
was assumed that Tetrasphaera remained the dominant PAO for the duration of the batch
assay period (day 205 to 233) since the Pns/TSS ratio remained above 0.06 mg-P/g-TSS
and no bioreactor operation changes were made.
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Relative Abundance of Tetrasphaera
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Figure 11 Relative abundance of Tetrasphaera and Pns/TSS ratios were correlated in the
bioreactors during the first 181 days of operation. No other PAO-containing genera were
detected at an abundance greater than 1%.

Task 2a/b – P release and Cation release are pH Dependent in Tetrasphaera
Anaerobic batch assays using aspartate or glycine as the sole carbon source or
deionized water (DI, control) were used to assess the dependence of P release and cation
release over the pH range from 5.5 to 8.5. The batch assays showed that extracellular pH
was positively correlated with P release rates in Tetrasphaera similar to the effect
observed in Accumulibacter sludges (Figure 12) (Filipe et al., 2001b; Oehmen, Vives, et
al., 2005; Schuler & Jenkins, 2002; Smolders et al., 1994a). Both the aspartate and
glycine assays demonstrated a similar P release dependence on the average pH of the
extracellular environment with the P release rate increasing from a minimum of 0.09 to a
maximum of 0.50 mM-P/g-VSS-hr with increasing pH over the range from 5.4 to 8.6.
These values were significantly lower than the maximum 1.6 mM-P/g-VSS-hr release
rates observed by Schuler et al. (2002) in a sludge with a similar Pns/TSS ratio but
presumably dominated by Accumulibacter PAOs. Notably, Schuler et al. (2002) observed
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a flattening of the P release rate above a pH of about 7.2 to 7.5 that corresponded to a
decrease in the rate of organic carbon uptake. This could indicate that saturation of P
transporters resulted in the inability of the PAOs to export excess cations to maintain the
PMF as the contribution of the DpH turned negative. The same flattening of the P release
rate was not observed in this study suggesting that saturation of P transporters did not
occur.

P Release (mM-P/g-VSS-hr)
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Figure 12 P release dependence on extracellular pH. Maximum rates in Schuler et al.
(2002) rates were two to three times greater than those observed in this study (1.6 to 3.2
mM-P/g-VSS/hr). The control had no carbon added.

Like the release of P, a net release of major cations to the extracellular
environment was observed in the anaerobic batch assays that had a positive linear
correlation with the extracellular pH (Figure 13). The net release of cations was
calculated according to Equation 7:
𝑁𝑒𝑡 𝑅𝑒𝑙𝑒𝑎𝑠𝑒 (𝑚𝑒𝑞) = 𝑁𝑎+ + 𝑁𝐻,+ + 𝐾 + + 2𝑀𝑔!+ + 2𝐶𝑎!+ (Equation 4)

The linear correlation was stronger in the glycine assays (R2 = 0.73) than in the aspartate
assays (R2 = 0.15). The only other pH study of PAOs that reported cations was Smolders
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et al. (1994a) who found a 1:1:1 ratio of K:Mg:P release during anaerobic incubation
with acetate and did not note a pH dependence. K+ and Mg2+ release was also observed
(data not shown) but not in the same ratio to P (3.6:3.4:1 to 3.9:3.4:1). The correlation
between cation release and pH is expected to be linear if the PMF is used for secondary
transport and cation release is used as part of the organic carbon uptake circuit. The
slopes of the linear best fits are like those observed for P release suggesting that the net
release of cations is correlated. The increasing release of cations is consistent with the
idea that Tetrasphaera may also use cations as part of the DY circuit for driving organic
carbon uptake that should increase with increasing pH. Similar tests with Accumulibacter
dominated sludge could reveal similar dynamics reinforcing the idea that P export is an
integral part of maintaining the PMF for driving organic carbon uptake in all PAOs,

Net Change in Extracellular Cations
(meq/g-VSS-hr)

which could have important implications for the success of EBPR in soft waters.
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Figure 13 Net change in extracellular cations (Na+, NH4+, K+, Mg2+, Ca2+) according to
Equation 4 in the anaerobic batch assays. Cation release when feeding glycine appeared to
be reasonably well correlated to pH while cation release when feeding aspartate may not
be correlated. The control had no carbon added.
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The observed positive linear correlation between P release, cation release, and pH
demonstrates the hypothesis that P release may be used to export cations and maintain a
PMF for secondary transport of organic carbons into the cell and ATP synthesis.
Increasing extracellular pH decreases the relative contribution of the DpH to the PMF that
must be compensated for by an increase in the DY. The accumulation of intracellular P
hydrolyzed from polyP provides a gradient for PAOs to increase the DY by exporting
cations and the thermodynamic energy for organic carbon uptake without directly
hydrolyzing ATP (Filipe et al., 2001b; Saunders et al., 2007; Smolders et al., 1994a).
Notably, the rate of ATP synthesis by ATP synthases has been shown to be driven by
both DpH and DY equally and is thus insensitive to pH assuming a constant PMF (Soga
et al., 2012; Turina et al., 2016). Assuming a constant free energy supply by the PMF, the
increasing polyP degradation and subsequent P release observed is likely the result of
increasing thermodynamic requirements for maintaining the PMF with increasing pH as
suggested by others (Filipe & Daigger, 1998; Smolders et al., 1994a). The observation
that Tetrasphaera appear to exhibit the same behavior suggests a similar mechanism is
involved in their anaerobic energy balance.
The change in pH that occurred over the course of the batch assays could also be
indicative of secondary transport mechanisms in Tetrasphaera. The pH tended to increase
in the aspartate assays when the average pH was below 8.4 and decrease when the
average pH was above 8.4. Similarly, the average pH tended to increase in the glycine
assays when the average pH was below 7.5 and tended to decrease when the average pH
was above 7.5. The aspartate and glycine assays both exhibited a negative or inverse
correlation with increasing average pH over the pH range investigated (Figure 14). A
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linear decreasing change in pH with increasing pH should be exhibited if Tetrasphaera
begin to rely less on H+ for organic carbon transport due to the decreasing DpH
component of the PMF with increasing pH. It should be noted that this dynamic was only
observable because the pH of the batch assays was not controlled. The change in pH was
not reported in similar studies investigating Accumulibacter (e.g., Filipe et al., 2001b;
Schuler & Jenkins, 2002; Smolders et al., 1994a). It is also plausible that some of the
change in pH was due to the buffering effect of exporting increasing amounts of P from
the cell into the medium. The buffering range for the P system is between pH 6.2 and 8.2
based on a pKa of 7.2, which covers most of the pH range explored in this study. It is not
clear which anionic P species is exported since the intracellular pH is not known.
However, the intracellular pH of similar prokaryotes tends to be above 7.5 (Kashket,
1985) and the dominant P species (>60%) should be HPO42- inside the cell. Thus,
increasing P release in this range should result in more buffering and less pH change.
Interestingly, aspartate appeared to rely more on H+ for organic carbon transport than
glycine suggesting different y values in the PMF transport equations when H+ is the
symporting cation (Equations 2 and 3).
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Figure 14 Change in pH was correlated to pH in the aspartate and glycine assays and
aspartate uptake seemed to be more dependent on H+ symport than glycine uptake. No
carbon was added to the control.

Task 2b/c – Organic Carbon Uptake and NH4 Release are Independent of pH
On a molar basis, NH4+-N exhibited the greatest anaerobic release of all cations
measured. Unlike the sum of all cations, NH4+-N release was not positively correlated to
pH and differed between the aspartate and glycine assays (Figure 15). The aspartate
assays demonstrated a slight linear decreasing trend (m = -0.03, R2 = 0.09) with respect
to pH while the glycine assays had a slight increasing trend (m = 0.01, R2 = 0.09).
However, these correlations are very weak (R2 < 0.70) and should be considered
tentatively. The aspartate assays released an average 0.26 ± 0.07 mM-NH4+-N/g-VSS-hr
which was approximately twice the 0.13 ± 0.04 mM-NH4+-N/g-VSS-hr average in the
glycine assays. The discrepancy in release of NH4+-N could be because more glycine is
stored as other amino acids than when aspartate is fed or because glycine fed
Tetrasphaera cultures have been shown to excrete other amino acids, such as alanine
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(Nguyen et al., 2015). Another plausible explanation for this observation is that NH4+-N
is an integral cation for translocating H+ as part of maintaining the PMF and thus is more
operative when DpH is a significant contributor. The reduction in contribution of DpH to
the PMF will be more pronounced in transport of an anionic species than a neutral
species as the pH increases and DY dominates over the DpH (see Chapter 2, Equations 2
and 3). There is some disagreement over the function of NH4+-N transporters in
prokaryotes despite their ubiquity (Wacker et al., 2014).

NH4 Release (mM-N/g-VSS-hr)
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Figure 15 The release of NH4+ was not correlated to extracellular pH but differed between
the two carbon sources possibly due to different anaerobic utilization pathways. Aspartate
is deaminated in the first step of catabolism whereas glycine deamination requires multiple
steps.

In contrast to its effects on anaerobic cation and P release rates, pH appeared to
have little effect on organic carbon uptake rates (Figure 16). The average rate of organic
carbon uptake was 0.99 ± 0.16 mM-C/g-VSS-hr in the aspartate assays and 0.47 ± 0.11
mM-C/g-VSS-hr in the glycine assays if all the sCOD taken up was as the amino acid
fed. The difference in rates is due to glycine containing two moles of C per mole of
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glycine and thus more sCOD per mole of organic carbon than aspartate which contains
four moles of C. However, both aspartate and glycine contain one mole of N and
normalizing the rates to N resulted in near equivalency at 0.25 ± 0.04 mM-N/g-VSS-hr
and 0.24 ± 0.06 mM-N/g-VSS-hr in the aspartate and glycine assays, respectively. The
organic carbon uptake values had no apparent linear trend correlated to pH in the
aspartate (R2 = 0.02) or glycine (R2 = 0.00) assays. On the other hand, Accumulibacter
have demonstrated a clear, increasing organic carbon uptake rate with increasing pH
below pH 7.5, decreasing organic carbon uptake rates above pH 7.5, and higher overall
rates of organic carbon uptake than observed in this study (Oehmen, Vives, et al., 2005;
Schuler & Jenkins, 2002).

sCOD Uptake (mM-N/g-VSS-hr)
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Figure 16 Organic carbon uptake was not correlated to the average pH of anaerobic batch
assays using different carbon sources. Error bars indicate standard error of measurements.
The control is not shown since it could not be standardized to moles of N.

The difference in organic carbon uptake rate dependency on pH between
Accumulibacter and Tetrasphaera could be due to the limitation of amino acid uptake by
42

accumulation of intracellular solutes and the increasing energy requirements for
maintaining storage as solutes. Accumulibacter’s ability to synthesize insoluble PHAs
appear to play an important role in keeping the concentration of VFAs low enough that
the rate of uptake is not inhibited by accumulation of reaction products. Although some
Tetrasphaera have the genotype for PHA production, they do not seem to produce
quantities of the polymer similar to Accumulibacter but instead seem to accumulate other
metabolites as solutes while also synthesizing glycogen (Close et al., 2021; Herbst et al.,
2019; Marques et al., 2017; Nguyen et al., 2015). The accumulation of other products
indicates that anaplerotic reactions are likely used to produce metabolites that act as
storage compounds for amino acids taken up anaerobically that contribute to the PMF
(e.g., succinate) and thus have limited storage capacity (Huhn et al., 2011; Michels et al.,
1979). The PMF can be used to maintain concentration gradients as large as three orders
of magnitude, but accumulation of solutes will also feedback inhibit their formation
reactions and reduce the need to uptake additional organic carbon. This limitation on
organic carbon uptake would cause the observed insensitivity to pH since the export of P
by Tetrasphaera never appeared to reach its maximum rate. If the maximum rate had
been attained the ability of P export to maintain the PMF would also be limited and cause
a decrease in organic carbon uptake when the DpH term of the PMF turns negative as was
observed in Accumulibacter (Schuler & Jenkins, 2002).
Task 2 a/c – P Release to Organic Carbon Uptake Ratios are Similar to Accumulibacter
Anaerobic P release to organic carbon uptake ratios were positively correlated
with increasing pH in the aspartate and glycine assays (R2 = 0.70 and 0.68, respectively)
and similar to ratios in other studies using acetate as the sole carbon source in
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Accumulibacter dominated sludges (Table 4 and Figure 17)(Filipe et al., 2001a; Schuler
& Jenkins, 2002; Smolders et al., 1994a). The aspartate assay P release to organic carbon
uptake ratios appeared to be approximately half of the P release to organic carbon uptake
ratios in the glycine assays when expressed on a mM-P/mM-C basis but became similar if
the ratios were expressed on mM-P/mM-organic carbon molecule basis as discussed
previously. The similarity in ratios observed for Accumulibacter and Tetrasphaera
suggest that the driving force for organic carbon uptake is similarly linked to polyP
hydrolysis and subsequent P export in both groups of PAOs.
Table 4 Comparison of P release to organic carbon uptake ratio (mM/mM)
equations from other studies. The best-fit linear equation for the aspartate assays
had similar slopes to equations observed by others while the slope of the glycine
assay equation was nearly double.
Study
Smolders et al. (1994a)

P Release/Organic Carbon Uptake (Prel/C)
Equation (mM-P/mM-Carbon type)
Prel/C = 0.38*pH – 1.70

Filipe et al. (2001b)

Prel/C = 0.32*pH – 1.10

Schuler & Jenkins (2002) HP

Prel/C = 0.26*pH – 0.68

Schuler & Jenkins (2002) LP

Prel/C = 0.34*pH – 1.46

This Study (Aspartate)

Prel/C = 0.37*pH – 1.37

This Study (Glycine)

Prel/C = 0.66*pH – 3.23

This Study (Composite)

Prel/C = 0.54*pH – 2.45
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Prel/Substrate Uptake (mM-P/mM-S)
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Figure 17 P release to organic carbon uptake dependence on extracellular pH. Lines from
Schuler et al. (2002) are linear approximations from the high P (HP) and low P (LP)
sludges. Smolders et al. (1994) and Filipe et al. (2001) are their model equations.

Free NH3-N was also measured during the batch assays to provide additional
information about amino acid utilization since the sCOD measurement would also
capture COD-exerting compounds potentially excreted by Tetrasphaera (e.g., acetate and
succinate) (Herbst et al., 2019; Marques et al., 2017; Nguyen et al., 2015). The
biochemical pathways used to metabolize amino acids typically result in the production
of NH3 which will be present predominantly as NH4+-N at the pH values investigated in
this study and at typical cytosolic pHs. The intracellular accumulation of NH4+-N is
problematic because it will dissipate the PMF and could result in NH3-N toxicity. The
average rate of NH4+-N release to organic carbon taken up was 1.10 ± 0.30
mM-N/mM-aspartate and 0.59 ± 0.19 mM-N/mM-glycine despite similar levels of
aspartate and glycine uptake (Figure 18). A higher level of N release in the aspartate
assays could indicate decreased intracellular accumulation of aspartate as compared to
45

glycine. It is unclear if reduced NH4+-N export in the glycine assay is due to increased
intracellular storage of glycine or increased urea (CO(NH2)2) synthesis resulting from
excess CO2 production by a different utilization pathway. Partial operation of the TCA
cycle in the oxidative direction would result in increased intracellular CO2 and increase
the need for sequestration as urea or export. This may indicate a difference in utilization
pathways for aspartate versus glycine within the cell. It is possible that some of the NH4+N will be combined with produced CO2 from decarboxylation reactions to synthesize
urea via the urea cycle. Intracellular urea was detected in at least one study of
Tetrasphaera though the concentrations were not reported (Marques et al., 2017). The
difference could also be due to deamination of aspartate in one step whereas glycine
deamination requires several steps. A longer anaerobic incubation could help determine if

Nrel/Substrate Uptake (mM-N/mM-S)

the additional catabolic steps kinetically limited the catabolism of glycine.
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Figure 18 The ratio of NH4 -N release to organic carbon uptake (expressed as moles of
solute [S]) in the aspartate and glycine feed assays were not correlated to the extracellular
pH. The aspartate assays averaged approximately 1.1 mM-NH4+-N per mole aspartate
whereas the glycine assays averaged approximately 0.59 mM-NH4+-N per mole glycine.
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Task 2d – Anaerobic Glycogen Synthesis
No correlations between anaerobic glycogen changes and pH were detected in
either set of assays (R2~0.00) which is expected given that organic carbon uptake did not
depend on pH. All but one aspartate assay was found to synthesize glycogen while most
of the glycine assays either degraded glycogen or did not exhibit a statistically significant
change (p < 0.05) (Figure 19). Glycogen synthesis in the aspartate assays averaged
0.22 ± 0.23 mM-C/mM-C organic carbon taken up while no significant change (p > 0.05)
in glycogen was observed on average in the glycine assays. Glycogen synthesis has also
been observed in tests of aspartate fed Tetrasphaera (0.24 mM-C/mM-C organic carbon),
but significant glycogen degradation (0.56 mM-C/mM-C organic carbon) was observed
when feeding glycine to the same sludge (Marques et al., 2017). This is different from
what has been observed in Accumulibacter that showed increasing rates of glycogen
degradation with increasing pH below 6.7 and decreasing glycogen degradation rates
above pH 6.7 (Filipe et al., 2001b; Filipe & Daigger, 1998; Schuler & Jenkins, 2002).
The agreement between glycogen synthesis values in this study and Marques et al.
(2017) supports the pathways introduced previously with aspartate entering metabolism
primarily via OAA to be converted to other products. Converting the glycogen to organic
carbon ratios to moles of glucose (6-C) per moles of aspartate (4-C) taken up is required
for stoichiometric calculations and the average ratio becomes 0.14 ± 0.15
mM-glucose/mM-aspartate. The addition of 0.035 mM of glucose residues to glycogen
derived aspartate is redox balanced but requires an input of 0.11 mmol ATP and 0.07
mmol GTP and produces 0.07 mmol NH4+-N, 0.07 mmol CO2, and 0.18 mmol Pi. Two
things are notable about this conversion with respect to Tetrasphaera. First, the 0.07
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mmol NH4+-N produced by the pathway accounts for approximately 28% of the total
aspartate taken up (0.25 mM-aspartate) which is similar to the 25% utilization for
glycogen synthesis found by Marques et al. (2017). Second, the net 0.24 mmol P released
intracellularly from ATP/GTP hydrolysis and regeneration from polyP would increase the
DY creating a gradient for export. Third, the production of 0.07 mM-CO2 per mMaspartate utilized by the pathway is approximately 28% of the total C taken up and a
significant contributor to the C mass balance.

Glycogen (mM-C/g-VSS-hr)
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Figure 19 Neither glycogen synthesis nor degradation was correlated to extracellular pH in
the aspartate or glycine assays. Feeding aspartate resulted in glycogen synthesis on average
whereas glycine feeding resulted in no statistically significant change in glycogen.
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Chapter 5 Conclusions and Future Work
Summary
The objective of this study was to evaluate the effect of pH over the range from
5.5 to 8.5 on anaerobic organic carbon uptake, P release, and cation release by an
enriched culture of the Tetrasphaera PAO fed with aspartate and glycine. A culture
containing Tetrasphaera as the only known PAO genus and exhibiting EBPR was grown
in a sequencing batch reactor to enable this analysis. It was believed that Tetrasphaera
would exhibit similar pH dependencies as Accumulibacter. Namely, an increasing
anaerobic organic carbon uptake trend with increasing pH below a pH of 7.2 and
decreasing trend above pH 7.2, and a linear increasing anaerobic P release with
increasing pH trend to approximately pH 7.2 and a plateau of P release above pH 7.2
were hypothesized based on previous studies. Anaerobic cation release has not been
previously investigated, but it was possible to hypothesize that increasing cation release
would be correlated to increasing pH because Tetrasphaera are believed to use secondary
transport mechanisms that depend on the PMF for amino acid uptake.
Anaerobic batch assays using sludge from the sequencing batch reactor were
conducted at different pH values in the range from 5.5 to 8.5 using aspartate, glycine, or
DI water (control) as the sole carbon sources. A similar pH-dependent P release dynamic
was observed in this study that has been previously observed in studies of the
Accumulibacter PAO. The observed simultaneous release of major cations (Na+, NH4+,
K+, Mg2+, Ca2+) was positively correlated to pH during anaerobic organic carbon uptake
suggesting that secondary transport of amino acids is the dominant mechanism in
Tetrasphaera which may have important implications for competition dynamics.
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Anaerobic carbon uptake was not correlated to pH and did not exhibit the same
increasing trend below pH 7.2 and decreasing trend above pH 7.2 as observed in
Accumulibacter. This insensitivity to pH suggests that something other than polyP
hydrolysis and P export for carbon uptake energy was likely a limiting factor in uptake of
amino acids by Tetrasphaera. Anaerobic glycogen synthesis occurred when the sludge
was fed aspartate as the only carbon source whereas no significant change in glycogen
occurred when feeding glycine suggesting that multiple metabolic pathways are readily
operative in Tetrasphaera which may allow them to adjust quickly to changing
conditions by occupying multiple metabolic niches within EBPR WRRFs. These findings
suggest that P removal optimization strategies may benefit from developing more
heterogeneous carbon sources (e.g., return activated sludge fermentation) for improving
EBPR at full-scale. Strategies that promote the formation of VFAs are likely increasing
the selectivity of systems for a less diverse community of PAOs whereas strategies that
form more diverse carbon speciation may be more advantageous. Further examination of
C conversion from varied strategies would help determine if the C pool was increasing or
decreasing in speciation and affecting the microbial ecology of EBPR WRRFs.
Practical Implications and Future Work
The demonstration that NH4+-N is released by Tetrasphaera has several practical
implications for strategies that optimize for their growth in full-scale EBPR WRRFs. The
simultaneous accumulation of P and possibly some N as intracellular amino acids could
potentially increase the risk of struvite (NH4MgPO4) formation in solids processing
facilities where digestion of Tetrasphaera is likely to result in an increased ratio of NH4
to P in the sludge. This could be advantageous for facilities that are attempting to recover
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struvite for a beneficial purpose but may be problematic for other facilities that are not
attempting to recover struvite. However, the ability of Tetrasphaera to utilize more
diverse carbon sources increases the redundancy of the PAO phenotype in EBPR and
may improve the overall process resiliency to upset. It is unclear to what extent the
heterogeneity of carbon sources impacts the microbial community composition and the
resiliency of the EBPR process. It would stand to reason that EBPR resiliency would be
correlated to increasing PAO diversity but this study of Tetrasphaera and similar studies
of Accumulibacter have primarily focused on anaerobic carbon competition with
glycogen accumulating organisms and not PAO-PAO competition interactions.
Competition between PAOs for aerobic P may also be an important competition
interaction and selection process that has thus far not been investigated. Tetrasphaera’s
apparent reliance on cations for amino acid transport processes could also make EBPR
more difficult in soft waters with low cation concentrations. Studies of cation release by
Accumulibacter could elucidate whether they are similarly dependent on cations for
EBPR at elevated pHs as was demonstrated for Tetrasphaera in this study.
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Glossary
Abbreviations, Acronyms and Symbols
DY

Change in electrochemical across the cell membrane.

DpH

Change in pH across the cell membrane.

ADP

Adenosine diphosphate

ATP

Adenosine triphosphate

EBPR

Enhanced biological phosphorus removal

GAO

Glycogen accumulating organism

OAA

Oxaloacetate

P

Phosphorus

PAO

Polyphosphate accumulating organism

PHA

Polyhydroxyalkanoate

PMF

Proton Motive Force

polyP

Polyphosphate

P release

Phosphorus release

TCA

Tricarboxylic Acid Cycle (Citric Acid Cycle)

TSS

Total suspended solids

VFA

Volatile fatty acid

VSS

Volatile suspended solids

WRRF

Water resource recovery facility
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